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MECHANISM  OF  GASEOUS  DETONATION  # 


^Following  is  the  translation  of  an  article 
by  M.A.  Rivin  entitled  "Mekbanirra  Gazovoy 
Detonatsii"  (English  version  above)  in 
Useskhi  Khlraii  (Advances  In  Chemistry),  Vol. 

20*,  No.  4,  1951,  Moscow,  pages  473-494. J 

1.  Introduction 

The  phenomenon  of  detonation  of  gases  “has  from  the  time  of 
its  discovery  in  1881  served  as  the  subject  of  numerous  investiga¬ 
tions  which  have  continued  up  to  the  present. 

Interest  in  this  phenomenon  has  been  stimulated  both  by  its 
great  technical  importance,,  in  particular  for  practices  of  explosion¬ 
proofing  in  coal  mines,  pits,  and  in  chemical  industry,  and  by  the 
principal  characteristics  of  this  type  of  propagation  of  flame.  As 
is  well  known,  the  name  detonation  ox  detonation  wave  is  given  to 
the  phenomenon  of  propagation  of  a  flame  in  detonating  gaseous  mix¬ 
tures  with  a  very  great  rate  (1500-3500m/sec),  where  this  rate  re¬ 
mains  strictly  constant  for  every  given  mixture  and  within  broad 
limits  depends  very  little  on  the  initial  conditions  (temperature, 
initial  density*, form  of  the  section  of  the  pipe,  and  its  dimensions) 
The  noticeable  mechanical  effects  which  accompany  detonation  indic¬ 
ate  that  high  pressures  are  developed  in  the  wave,  while  high  activ- 
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ity  of  the  detonation  flame  gives evidence  of  the  fact  that  the  temp¬ 
erature  in  it  considerably  exceeds  the  temperature  of  a  normal  flame. 
Recently  a  tendency  has  been  noted  for  a  broadening  of  the  circle  of 
phenomena  which  are  designated  by  the  term  "detonation,  and  for  the 
Inclusion  in  it  of  all  combustion  processes  with  a  rate  exceeding 
the  velocity  of  sound  (although  not  constant). 

Detonation  is  usually  caused  by  means  of  an  explosion  of  &■ 
charge  of  an  explosive  substance,  for  example,  lead  azide,  in  a  tube 
filled  with  a  combustible  mixture.  In  detonation  under  definite  con¬ 
ditions  a  usual  flame  also  develops  in  a  closed  tube,  caused,  for 

i  .  ■■■'..  . 

example,  by  an  incandescent  wire,  an  electric  spark,  etc. 

Basic  for  the  study  of  detonation  was  the  photographic  method 
in  its  various  variants,  which  permitted  not  only  the  measurement  of 
the  rate  of  propagation  of  the  detonation  flame  (according  to  the 
inclination  of  its  trace  on  a  moving  film),  but  also  the  different¬ 
iation  of  details  of  its  structure. 

A  sharp  external  distinction  between  detonation  and  the  so- 
called  "normal"  flame  corresponds  to  a  profound  internal  difference 
in  the  mechanism  of  their  propagation.  The  normal  flame  is  propa¬ 
gated  through  thermal  conductivity  and  diffusion  of  the  active  cen¬ 
ters  from  the  reaction  zone  ("the  front  of  the  flame")  into  fresh 
gas |  hence  its  rate,  determined  by  the  appearance  of  molecular  trans¬ 
fer,  always  is  considerably  less  than  the  average  thermal  rate  of 
/ 

the  molecules,  i.e.,  less  than  the  velocity  of  sound,  and  the  drop 
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in  the  pressure  In  the  flame,  caused  by  the  change  in  the  velocity 
of  the  substance  in  it,  is  always  small. 

An  essential  condition  for  detonation  combustion  appears  to 
be  the  presence  of  a  powerful  shock  wave  with  a  powerful  jump'  in 
the  pressure  and  a  supersonic  velocity  of  the  substance  in  it.  The 
rate  of  propagation  of  detonation  combustion  is  not  related  to 
diffusion  and  thermal  conductivity  and  exceeds  by  several  times  the 
velocity  Of  sound  in  the  initial  substance.  The  rate  of  propagation 
of  a  normal  flame  is  known  to  be  dependent  on  the  rate  of  the  re¬ 
action  in  it  and  the  time  of  the  reaction  clearly  enters  into  the 
equation  for  the  rate,  while  the  rate  of  detonation  can  be  calcul¬ 
ated  with  great  accuracy  from  only  the  physical  and  thermochemical 
properties  of  the  substance.  Evidently  therefore,  the  theory  of 
gaseous  detonation  was  originally  developed  by  purely  thermodynamic 
means.  The  whole  specific  chemical  character  of  each  given  mixture, 
from  which  everything  must  be  interpreted  in  a  treatment  of  the 
limits  of  the  phenomenon,  was  characterized  by  the  concept  of  some 
absolute  ignition  temperature,  lower  than  which  the  reaction  takes 
place  very  slowly  and  higher  than  which  it  goes  instantaneously. 

Only  in  connection  with  the  development  of  the  kinetics  of  gaseous 
reactions  and  chain  theory,  in  which  a  leading  role  belongs  to  the 
Soviet  school  headed  by  N.N.  Semenov,  was  the  necessity  perceived  of 
taking  into  consideration  the  characteristics  of  all  combustion 
processes  due  to  the  fact  that  the  reaction  takes  place  in  time. 
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and  the  real  possibility  of  such  a  consideration*  based  on  the 
achievements  of  chemical  kinetics,  became  apparent. 

The  current  theory  of  detonation  has  as  yet  been  limited 
!  '  •  ..  .  .  ■  .  • 

chiefly  to  a  consideration  of  the  very  fact  of  the  development  of 

the  reaction  in  time  in  the  detonation  wave .  Already  this  has  per¬ 
mitted  a  better  understanding  of  processes  which  take  place  in  de¬ 
tonation  combustion.  A  direct  calculation  of  the  characteristics  of 
the  detonation  wave  on  the  basis  of  kinetic  data  as  yet  remains  very 
difficult  (although  the  first  attempts  of  such  nature  have  already 
been  made)  both  as  a  result  of  the  insufficiency  of  kinetic  data  on 
the  course  of  concrete  reactions  and  because  until  now  the  very 
mechanism  of  the  transfer  (transmission)  of  the  reaction  in  the 
wave  has  been  unclear.  This  article  is  dedicated  chiefly  to  just 
this  mechanism  of  transfer  of  the  reaction  in  gaseous  detonation. 
Hence,  we  shall  consider  here  only  those" stages  of  the  development 
of  theory  and  only  those  works  which  are  essential  to  an  understand¬ 
ing  of  the  current  state  of  this  field  and  the  task  of  further  re¬ 
search  in  it. 


2.  Original  Development  of  the  Theory  ,or  petonaxion 

Berthe lot,1  who  discovered  the  phenomenon  of  detonation,  pro¬ 
posed  that  the  chemical  reaction  (combustion)  in  the  wave  is  trans¬ 
ferred  from  layar  to  layer  by  particles  of  gas  Which  possess  a  high 
velocity  and  an  ability  to  produce  the  reaction. _Jfeasured  rates_ol 
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detonation  and  the  average  velocities  of  thermal  motion  of  mole¬ 
cules  which  he  calculated  whenethe  temperatures  of  the  combustion 
of  the  mixture  seemed  sufficiently  close.  Further  precision  of 
thermochemical  data,  in  particular  heat  capacities  at  high  temper¬ 
atures,  showed,  however,  that  the  temperatures  calculated  by  Ber- 
thelot,  and  therefore  the  velocities  of  the  molecules  as  well,  are 
considerably  high. 

Most  of  the  succeeding  researchers  came  to  the  conclusion  that 

the  compression  and  initial  heating  of  a  combustible  mixture  by  a 

'  \ 

shock  wave,  accompanied  by  a  wave  reaction  and  maintained  by  it^  ap¬ 
peared  chiefly  in  the  transfer  of  detonation  combustion.  One  of  the 
first  to  express  such  a  viewpoint  was  our  compatriot  V.  A.  Mikhel*  son 
who,  in  his  well  known  dissertation,  gave  an  interesting  theoreti¬ 
cal  analysis  of  the  phenomenon.  Comparing  detonation  with  the  prop¬ 
agation  of  shock  waves,  which  had  already  been  comparatively  well 
studied  in  his  tim^  V.A,  Mikhel* son  came  to  the  conclusion  that  a 
detonation  wave  is  a  shock  wave.  However,  in  contrast  to  normal 
shock  waves  in  a  gas,  which  are  rapidly  extinguished  and  degenerate 
into  sound  waves,  detonation  is  propagated  in  a  sufficiently  long 
tube  to  any  length,  with  a  strictly  constant  rate.  .This  is  possible 
because  In  detonation,  as  the  shock  wave  is  propagated,  it  liberates 
the  chemical  energy  contained  in  the  combustible  mixture  and  on  ac¬ 
count  of  this  can  maintain  its  constant  rate.  The  liberation  of 
energy  takes  place  in  the  following  way.  The  shock  wave,  compressing 


each  succeeding  layer  of  gas,  takes  it  to  such  a  high  pressure  and 
heats  it  to  such  a  high  temperature  that  an  unusually  fast,  practi¬ 
cally  instantaneous  reaction  arises  in  the  combustible  mixture,  and 
all  the  chemical  energy  of  the  combustible  mixture  at  the  shock  wave 
front  is  transformed  into  thermal  energy. 

Imposing  the  condition  of  stationariness  on  such  a  shock 
wave,  Mikhel’son  obtained  very  interesting  results,  which  remained 
insufficiently  appreciated  for  many  years.  Hence,  it  remains  for  us 
here  to  consider  the  propagation  of  detonation  in  an  infinitely  long 

I  tube  in  the  "inverse"  system  of  coordinates  related  to  the  proton 

i 

wave.  \ 

In  such  a  system  of  coordinates,  a  tube  with  the  fresh  mix¬ 
ture  (pressure  Pq*  density  temperature  Tq)  will  strike  against 
a  stationary  wave  with  a  velocity  D  of  propagation  of  detonation 
relative  to  the  tube.  Let  us  construct-two  control  sections,  AAV 
and  BB'  (Fig.  1)  before  the  shock  wave  front  and  at  some  distance 
behind  it,  in  such  a  way  that  a  drop  in  pressure,  density,  tempera¬ 
ture.,  and  velocity  takes  place  between  these  sections.  Let  us  recall 
that  in  the  system  of  coordinates  we  have  selected  all  phenomena  are 
stationary,  i.e.,  the  state  and  velocity  of  the  gas  in  every  given 
section  does  not  change  with  time.  Let  us  also  exclude  from  consid¬ 
eration  any  loss  through  friction  or  heat  emission,  considering 
them  to  be  negligibly  small.  Then  it  is  easy  to  draw  up  an  equation 
for  the  conservation  of  matter  and  momentum.  Designating  the  state . ] 
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relationship  is  correct  for  the  gas  in  any  intermediate  section  CC', 
including  also  such  sections  where  the  chemical  reaction  takes  place 
(liberation  of  heat).  Hence  for  any  section 


j*  4*  **  Pq  *}r.  **  c onsfc  =«  n* 


It  is  evident  that  in  the  P-v  diagram  all  points  satisfying 
equation  (4)  lie  on  the  straight  line  AB,  which  passes  through  the 
point  P0.  v0  at  an  angle  whose  tangent  is  tan**,  =  -m2  (Fig.  2). 

Thus*  all  possible  states  through  which  the  gas  can  pass  in 
the  process  of  detonation  (compression  and  combustion)  lie  on  the 
straight  line  AC.  This  circumstance,  as  will  be  shown  later,  is  of 
great  importance  for  the  current  theory  of  detonation. 

The  most  thermodynamically  stable  of  all  the  states  depicted 
by  the  straight  line  AC  is  the  state  in  which  the  entropy  has  a 
maximum.  Mlkhel'son  proposed  that  the  gas  In  a  detonation  wave  after 
termination  of  the  reaction  passes  into  just  this  state.  At  the 
point  of  the  straight  line  at  which  the  entropy  is  maximum  (point  D 
Fig.  2),  the  straight  line  AC  evidently  relates  to  the  isentropic 
state.  For  the  point  of  tangency,  we  can  easily  find  from  equation 
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Fig.  2.  Adiabatic  curves  of  Hugoniot  for  shock  (curve  GEA 
and  detonation  (curve  FDJ)  waves. 

(4)  and  the  equation  of  isentropy  (Pvk  ~  const.) 
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and  for  an  ideal  gas  (Pb  s  RT)» 


Mikhel’son  notes  the  curious  circumstance  that  the  maximum  of  the 
temperature  lies  above  the  point  D.  Indeed*  the  maximal  tempera- 

x 

tore  correspond  is  to  the  point  of  tangenoy  of  the  straight  line  AC 
to  the  corresponding  isotherm  <Pv  r  const.;  k»l\  and  the  ratio  of 
the  pressure  at  the  point  of  maximal  temperature  (Point  B,Fig.2) 
to  Bp  will  be  equal  to 

-  vftllF'"' . "  • 

■  3^“  2  ’  ' 

i.e.,  PB  is  always  somewhat  greater  than  Pp.  For  normal  explosive 

mixtures  in  the  combustion  products  k  5»1.2,  from  which  Pg  *^-1.1  Pp» 

Correspondingly  :  Ig  55  1,01  TD  * 

Equation  (7)  can  be  simplified  by  neglecting  the  initial 

pressure  PQ  in  comparison  with  n.  Indeed,  n  *  P0  +  m2  v0  =  P0+®Dt 
when  P0^ci»D,  which  is  the  case  for  all  the  usual  explosive  mixtures, 

we  can  set  n  «*  mD,  and  then  _ _ _ _ _ 
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(Tf? jr-Tf-‘*0,27%*3,i.l0r*lfi.Jir, 

where  R  and  M  are  the  gas  constant  and  molecular  weight  of  the  com¬ 
bustion  products,  and  D  is  expressed  in  m./sec.  This  formula  is 
very  convenient  for  an  evaluation  of  Tp  according  to  the  known  rate 
of  detonation.  If  we  consider  that  the  velocity  of  sound  a  kRT 
and  if  we  utilize  equation  (8),  then  we  come  to  the  equation 

«W«.  W 

where  Cp  is  the  velocity  of  sound  in  the  detonation  products.  Let 
us  find  the  relationship  between  the  velocity  of  the  wave  relative 
to  the  compressed  gas  behind  its  front  and  the  velocity  of  sound. 

Utilizing  equations  (4)  and  (1),  let  us  rewrite  equation  (6) 
in  the  formt 

n  —  Pn  +  mw«  (k  +  I)  Pa. 

Reducing  and  multiplying  both  parts  by  vc,  we  obtain 

mvc-iitj  =  »*  =  kPDvu*z  C%, 


from  which 
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Thus*  the  rate  of  propagation  of  detonation  relative  to  the 
reaction  products  behind  its  front  is  equal  to  the  local  velocity 
of  sound.  This  property  of  the  detonation  wave,  observed  by  E. 
Jouguet,^  is  of  fundamental  significance  for  its  stability  and 
distinguishes  it  from  normal  shock  waves,  the  rate  of  propagation 
of  which  relative  to  the  gas  compressed  in  them  is  always  less  than 
the  velocity  of  sound,  as  Is  well  known.  The  wave  of  expansion  of 
the  detonation  products,  which  is  spread  over  some  distance  behind 
the  wave  front,  moves  with  the  velocity  of  sound  Cp,  and,  due  to  the 
condition  expressed  by  equation  (10),  can  not  reach  the  wave  front 
and  weaken  it.  Nor  can  any  small  (sound)  disturbance  overtake  the 
front  part  of  the  wave. 

The  most  detailed  thermodynamic  consideration  of  detonation 
was  performed  by  Jouguet. 

Considering  the  stationary  detonation  wave,  we  have  already 
constructed  for  it  an  equation  of  conservation  of  matter  (l)  and  of 
momentum  (2).  Let  us  now  construct  an  equation  for  the  conservation 
of  energy.  The  stream  of  energy  flowing  in  through  section  AA* 
(Fig.l)  is  equal  to  the  stream  of  energy  flowing  out  through  section 

BB's 
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where  H  is  the  enthalpy,  which  includes  in  the  general  case  the  chem¬ 
ical  energy  of  the  gas  Qchera* 


I 

H  =  ce-r  + ® $  c,  *Tr  Qtu*. 


For  a  mixture  of  a  given  chemical  composition  H  is  a  function  of  Pv. 

Excluding  from  the  three  equations  (1),  (2),  and  (ll)  with 
four  unknowns  (Pj,  vj,  u,  and  D)  u  and  D,  and  utilizing  the  equa¬ 
tion  cf  state  Pv  s  RT,  we  obtain  an  equation  of  some  curve  lying  in 
the  surface  P,  v,  where  every  point  of  this  curve  corresponds  to 
some  wave  which  satisfies/glven  initial 'conditions  and  all  three 
equations  (l),  (2)»  and  (11).  In  Fig.  2  such  a  curve  AEG  is  pre¬ 
sented  for  the  case  Qchem  *  0  (the  adiabatic  curve  of  Hugoniot  for  a 
pure  shock  wave)  as  is  the  curve  JMKF  for  the  case  of  a  given 
^ehen.  *  0  (the  adiabatic  curve  of  Hugoniot for  a  detonation 

wave).  The  rate  of  detonation 

D  =»  mv0  =  va  \/  J-iZzJh 
r  V*  —  vt 


is  given  by  the  angle  of  inclination  of  a  straight  line  constructed 


fro®  the  point  A  (Povq)  to  a  given  point  on  the  adiabat,  for  example 
K.  As  can  be  seen  from  Fig.  2,  two  points  (two  states)  on  the  adi¬ 
abat  correspond  to  every  rate.  An  exception  appears  to  be  the  point 
of  tangerscy,  at  which  the  secant  AK  turns  into  a  tangent.  This 
point  is  distinguished  by  the  fact  that  in  it  the  adiabat  of  Hugondot 
.i**  to  the  isentrooic  state  (the  adiabat  of  Poisson) -and 


also  pertains  to  the  is-er, tropic  state  (the  adiabax  or  u 

is  the  point  D  already  known  to  us.  The  point  of  triple  t^ngency 
corresponds  to  the  maximum  of  entropy  on  the  straight  line  AC*  but 

the  minimum  of  entropy  on  the  adiabat  JF» 

A  comparison  with  experiments  shows  that  in  fact  the  state  Ds 
corresponding  to  the  minimum  possible  rate  of  detonation,  is  always 
realized.  Rarer  adiabats,  represented  by  points  lying  above  the 
point  D,  are  not  realized.  Indeed,  in  all  waves  corresponding  to 
the  points  of  the  branch  of  the  curve  DKF,  the  velocity  of  the  wave 
relative  to  the  gas  compressed  in  it  is  less  than  the  velocity  of 
sound  (uK<  CK).  Therefore,  if  either  the  gaseous  mixture  is  arti¬ 
ficially  placed  in  a  condition  corresponding,  for  example,  to  the 
point  K,  the  rsrification  wave,  which  in  the  absence  of  artificial 
pressure  from  behind  follows  the  compression*  and  is  propagated  with 


*  yhe  necessity  of  the  subsequent  rarific&tion  follows  from 
the  law  of  conservation  of  matter!  At  a  given  quantity  of  the  sub¬ 
stance  in  an  unchanged  volume  an  Increase  in  the  density  in  the 
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shock  wave  above  the  average  value  can  take  place  only  at  the  ex¬ 
pense  of  a  decrease  in  it  behind  the  wave  (at  the  front  of  the  wave 
the  gas  is  not  excited).  In  order  to  avoid  rarefication,  it  is  ne¬ 
cessary  to  create  an  artificial  pressure,  for  example  with  the  aid 
of  a  piston,  which  moves  behind  the  wave.  A  simple  exposition  of 
the  physics  of  shock  waves  can  be  found  in  18.  An  experimental  re¬ 
alization  of  detonation  corresponding  to  the  point  K,  in  the  pre¬ 
sence  of  an  artificial  pressure,  can  be  found  in  38. 


•he  velocity  of  sound,  will  continuously  overtake  the  front  of  the 
detonation  and  lower  the  pressure  in  it,  so  that  it  does  not  become 
equal  to  Pq.  In  the  state  D,  as  has  been  established,  up  s  C^i 

hence  further  weakening  of  the  shock  wave  ceases  and  a  stationary 

* 

system  is  established. 

For  the  points  of  the  branch  DMJ,.  there  is  the  reverse  re¬ 
lationships  uM>  CM.  Hence  the  rarer  curves  represented  by  this 
branch  are  not  thermodynamically  and  mechanically  prohibited,  and 
the  theory  of  Jouguet  does  not  give  any  basis  for  their  exclusion. 
The  selection  of  the  point  D  by  Jouguet  thus  appeared  to  be  theo¬ 
retically  arbitrary  and  was  based  only  on  experimental  data. 

For  a  long  period  of  time  a  considerable  portion  of  the  ex¬ 
perimental  investigations  of  detonation  were  devoted  to  a  verifi¬ 
cation  of  the  theory  of  Jouguet.  It  was  established  that  the  rates 
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of  detonation  in  the  most  diverse  mixtures  are  found  to  be  in  good 
agreement  with  the  calculated  values.*  The  pressures  in  the  de- 


*  In  an  evaluation  of  the.  degree  of  agreement  we  must  take 
into  consideration  that  more  or  less  reliable  thermal  data  (depend¬ 
ence  of  the  heat  capacity  or  the  temperature  etc.)  at  very  high  tem¬ 
peratures  have  become  attainable  only  over  the  last  ten  to  twelve  j 
years.  I 


1 

tersation  wave,  measured  by  Campbell  and  co-workers4  by  the  method  j 
of  rupture  of  calibrated  membranes* -proved  to  be  in  good  agreement 
with  the  calculated  values.  Thus*  experiments  have*  as  it  were* 
confirmed  the  correctness  of  the  theory  of  Jouguet. 

For  some  time  the  question  has  been  discussed  of  whether  it 
is  necessary  to  take  into  consideration  the  pressure  of  dissociation 
when  determining  the  temperature  and  composition  of  the  combustion 
products.  The  establishment  of  equilibrium,  it  would  seem*  re¬ 
quires  time.  Hence  if,  as  is  assumed  in  the  theory  of  Jouguet, 
the  combustion  reaction  (emission  of  heat) .proceeds  practically 
instantaneously,  the  succeeding  endothermic  reactions  of  dissocia¬ 
tion  should  not  influence  the  rate  (rarification  can  not  overtake 
the  state  D).  Investigation  of  the  rate  of  detonation  at  various 
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pressures,  conducted  by  Dixon"*  and  by  A.  C.  Cokolik  and  K.  I. 
Shchelkin6  for  different  mixtures,  and  calculations  of  the  rate 
of  detonation  taking  into  consideration  dissociation,  performed  by 
Lewis  and  Friauff7  and  further,  more  extensively  and  accurately, 
by  Ya.  B.  Zel'dovich  and  S.  B.  Ratner8,  have  shown  that  equilib¬ 
rium  in  a  detonation  explosion  can  be  established  and  that  there¬ 
fore  it  is  essential  to  take  into  consideration  the  dissociation  of 
the  combustion  products  in  thermodynamic  calculations. 

As  the  circle  of  investigations  has  broadened  the  insufficien¬ 
cy  of  the  thermodynamic  theory  of  Jouguet,  which  has  proved  incap¬ 
able  of  explaining  a  whole  series  of  phenomena  observed  experiment¬ 
ally,  has  been  more  and  more  clearly  revealed.  In  particular  the 
weakness  of  this  theory  for  an  explanation  of  the  ability  of  one 
mixture  or  another  for  detonation  has  been  revealed.  Not  every  com¬ 
bustible  mixture  is  capable  of  detonation.  It  is  impossible,  for 
example,  to  force  a  mixture  of  carbon  monoxide  and  air  to  detonate 
under  normal  conditions,  although  in  the  usual  burner  it  burns  very 
well.  For  any  combustible  mixture,  for  example  for  a  mixture  of  hy¬ 
drogen  and  oxygen,  it  is  always  possible  at  a  given  pressure  to  find 
such  a  relationship  of  the  components  at  which  this  mixture,  though 
remaining  combustible,  becomes  incapable  of  supporting  the  propaga¬ 
tion  of  a  detonation  wave.  Such  a  limiting  composition  at  Pq  s  latm, 
has  obtained  the  name  "concentration  limit  of  detonation."  Detona- 


tion  limits  also  exist  fox  pressure  (the  propagation  of  detonation  j 

|  in  a  given  mixture  fescomes  impossible  at  a  sufficiently  low  pres-  j 

sure)  and  for  the  diameter  of  the  tube.  Attempts  to  explain  the  ex-  j 
istence  of  a  limit  by  the  fact  that  the  temperature  from  the  com¬ 
pression  in  the  front  of  the  wave  to  the  limit  becomes  less  than  the 
temperature  of  ignition  of  a  given  mixture*  as  a  result  of  which 
the  mixture  ceases  to  ignite  (jouguet,  Crussard^),  have  proved  to  1 

be  quantitatively  and  qualitatively  inadequate.  The  very  idea  of  j 

| 

an  ignition  temperature,  as  of  some  absolute  characteristic  of  a  j 

combustible  mixture,  is  unreal  and  can  not  be  considered  out  of  the  j 

*  ' 

context  of  all  the  other  conditions  and*  especially*  without  regard 
time  of 

to  the^acceleratlon  of  the  reaction  (the  time  of  inhibition,  induc¬ 
tion.)*  inherent  xn  practically  all  real  mixtures.  The  detonation 
theory  of  Jouguet  operated  by  a  concept  of  Instantaneous  (i.e.»  hav¬ 
ing  a  length  of  the  order  of  the  time  of  compression  of  matter  in 
the  front  of  the  shock  wave )  ignition  and  instantaneous  reaction  of 
the  mixture  at  the  front  of  the  detonation  wave. 

The  development  of  chemical  kinetics,  of  the  theory  of  chain 
I  reactions,  and  of  the  theory  of  thermal  explosion  has  made  it  pos¬ 
sible  to  approach  the  investigation  of  gaseous  detonation  from  new 
positions.  In  particular,  a  number  of  investigations  of  the  limits 
of  detonation  of  various  combustible  mixtures  and  of  their  detonation 
ability  have  been  conducted  (A.  S.  Sokollk,  M.  A.  Rivin),  leading  to 
the  conclusion  that  the  reaction  in  the  detonation  wave  must  not  be  _ 

.  ,  -I  i  ^  Mrini  .ill -i  i  inrvr _r  ■  rr ^ 
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considered  as  instantaneous.  I0”11  The  course  of  a  reaction  in  time 
close  to  the  limits  becomes  a  factor  determining  the  detonation  ab¬ 
ility  of  the  mixture,  which  determines  the  very  appearance  of  the 
limit.  Such  a  point  of  view  is  fully  confirmed  by  the  observed  in¬ 
fluence  of  various  factors  on  the  limit  of  detonation.  Thus,  Laf- 
fit  and  Breton12  showed  that  an  increase  in  the  initial  pressure  of 
J  |  a  mixture  of  hydrogen  and  air  from  1  to  8.7  atm.  displaces  the  con- 

j  centration  limit  respectively  from  18. 5$  %  in  the  mixture  to  14.5$. 
An  increase  in  the  initial  temperature  in  this  mixture  (when  ^  s  1 
atm. )  to  300*  displaces  the  limit  lower  than  17$  Hg.13  An  increase 
in  the  initial  temperature  of  a  CO-air  mixture  to  ^500%  accord¬ 
ing  to  the  data  of  M.  A.  Rivin,13  causes  the  detonation  of  this  mix¬ 
ture,  which  does  not  detonate  under  normal  conditions.  An  increase 
In  the  initial  pressure  or  initial  temperature  leads  respectively 
to  increase  in  the  pressure  or  temperature  of  the  gas  compressed 
by  the  shock  wave.  Both  these  factors  vitally  influence  the  rate  of 
the  chemical  reaction. 

However,  experiments  in  which  the  influence  of  small  admix¬ 
tures  on  the  ability  for  detonation  were  studied  seemed  most  indic¬ 
ative.  After  adding  1.3$  H2  to  a  non-detonating  mixture  of  carbon 
monoxide  and  air,  M.  A.  Rivin  and  A.  S.  Sokol Ik10  obtained  regular 
detonation  in  this  mixture.  The  substitution  of  1.3$  CO  for  the  H2 
practically  does  not  change  either  the  energetic  or  the  physical 
properties  of  the  mixture;  however,  as  is  well  known,  small  admlx- 
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tures  of  hydrogen  have  an  unusually  strong  Influence  on  the  kinetics  j 
of  the  oxidation  of  CO,  An  analogous  action  on  the  detonation  of 
the  same  mixture  is  exhibited  by  small  (0.3#)  admixtures  of  C2H2. 

A  mixture  of  methane  and  air  which  does  not  detonate  under  normal 
conditions  detonated  in  the  experiments  of  M.  A.  Rivin*~  after  the 
addition  to  it  of  0.3#  ethylene  or  0.3#  pentane. 

Based  on  all  these  data*  M*  A*  Rivin  and  A.  S«  Sokollk*  pro¬ 
posed  that  the  attainment  of  the  limit  is  determined  by  the  fact 
that  the  reaction  in  the  wave  is  decelerated  in  proportion  to  the 
dilution  of  the  mixture*  while  the  extent  of  the  reaction  zone  is 
increased.  The.  detonation  wave  thus  represents  a  shock  wave  in 
which  gas  is  compressed*  heated*  and  begins  to  react  as  a  result  of 
this.  After  some  time  t  has  passed  —  the  induction  period  (time  of 
inhibition),  —  the  presence  of  which  is  characteristic  of  the  over¬ 
whelming  majority  of  normal  combustible  mixtures*  a  rapid  ignition 
and  combustion  of  the  mixture  takes  place.  Thus*  between  the  front 
of  the  shock  wave  and  the  zone  of  rapid  reaction  (ignition)  there 
exists  some  gap  which  is  equal  to  d  «*  X D.*  Assuming  that  the  at- 

*  In  fact  d  *#'$>%■  ,  where?  is  the  density  of  the  gas 

T 

compressed  by  the  shock  wave. 


tainment  of  the  limit  of  detonation  is  determined  by  the  fact_that _ j 
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the  width  of  the  gap  d  reaches  a  limiting  size*  and  that  upon  fur¬ 
ther  increase  in  it  a  steady  propagation  of  detonation  becomes  im¬ 
possible,  the  indicated  authors  gave  a  kinetic  condition  for  the 
achievment  of  the  limit  in  the  form  of  the  equation 

T  - 
T|in«  D 

Within  the  limits  of  the  detonation  the  width  of 

the  gap  is  much  less  than  the  limiting  value.,  and  hence  propagation 
of  detonation  is  possible. 

3.  Current  Theory  of  Detonation 

Attempts  to  develop  quantitatively  the  qualitative  ideas 
presented  above  within  the  framework  of  the  old  thermodynamic  theory 
have  shown  that  the  introduction  of  new  qualitative  ideas  of  the 
course  of  the  reaction  in  the  wave  demands  a  radical  revision  of 
the  old  theory  and  an  analysis  of  the  detailed  mechanism  of  the 
process.  Such  a  revision  was  made  by  Ya.  B.  Zel’dovich*5  in  1940 
and  led  him  to  the  following  basic  results. 

The  sharp  change  in  pressure  at  a  strong  shock  wave,  as  is 
well  known,  takes  place  at  a  width  of  the  order  of  several  lengths 
of  the  free  path  of  a  molecule  of  the  gas,  while  the  course  of  the 
chemical  reaction,  according  to  the  current  kinetic  representations. 
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requires  in  every  case  more  than  a  thousand  collisions.  Thus,  for 
example,  even  under  the  conditions  of  the  detonation  wave  (compres¬ 
sion  temperature  1.700  -  1800®  K.),  only  in  on®  of  f***-.-  200  collisions  I 
does  the  energy  of  the  colliding  particles  prove  to  be  sufficient 
for  the  reaction  of  atomic  hydrogen  with  oxygen 

:  H-tO.  =  OH  4-  O 

(a  branch  skin  reaction),  which,  as  is  well  known,16  determines  the 
rate  of  oxidation  of  hydrogen*  To  this  must  also  be  added  the  in** 
fluence  of  the  steric  factor*  thanks  to  which  the  probability  of  the 
reaction  becomes  significantly  less.  In  the  first  moment  after  com- 
pression  (directly  after  the  front  of  the  shock  wave)  the  gas  still 
is  not  capable  of  reaction.  Hence,  on  the  P-v  diagram  the  state  of 
the  compressed  gas  directly  behind  the  wave  front  (  i®  depicted 
by  some  point  of  the  curve  AEG  of  Fig.  2  (the  adiabat  of  Hugoniot for 
a  pure  shock  wave).  At  the  same  time,  since  ovary  system  is  stead¬ 
ily  propagated  with  the  constant  rate  I),  the  point  which  depicts  a! 
should  lie  on  the  straight  line  AC.  As  can  be  seen  from  Fig.  2, 
both  conditions  correspond  to  only  two  points*  the  initial  point  A 
and  the  point  E.  In  the  course  of  time*  as  the  reaction  takes  place 
and  energy  is  given  off,  the  depicting  point  strikes  the  intermedi¬ 
ate  adiabat,  which  corresponds  to  a  partial  liberation  of  heat,  for 
example  on  tha  adiabat  NNjFig.  2,  while  at  the  same  time  remaining 
on  the  straight  line  AC.  A  complete  liberation  of  heat,  the  state  ^ 
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of  "detonation,"  corresponds  to  the  point  D.  Thus*  the  gas  in  the 
detonation  wave  passes  from  the  initial  state  to  the  state  corre¬ 
sponding  to  point  E,  and  then,  as  the  reaction  takes  place,  passes 
through  a  continuous  series  of  states  represented  in  the  P  -  v  di¬ 
agram  by  the  section  of  the  straight  line  ED  and,  finally,  strikes 
point  D  (the  point  of  Jouguet),  which  corresponds  to  the  final  state 
of  the  detonation  products.  The  distribution  of  the  temperature, 
pressure,  density,  and  concentration  of  the  substance  behind  the 
front  of  the  shock  wave  is  shown  schematically  in  Fig.  3,  borrowed 
from  a  work  of  Ya.  B.  Zel'dovich.17  The  front  of  the  shock  wave, 
in  which  a  sharp  change  in  P,  T,  and  u  takes  place,  is  denoted 
by  E,  while  the  state  corresponding  to  the  point  of  Jouguet  (Fig. 2) 
is  denoted  by  D.  Calculations  show  that  P3  PD»  while  PD*  *n 
turn,  is  approximately  twice  as  large  as  the  pressure  of  an  explo¬ 
sion  of  the  same  mixture  in  a  closed  volume.* 


♦It  is  evident  from  Fig.  2  that  n  is  equal  to  the  section  OC 
cut  off  by  the  straight  line  AC  on  the  Y-axis. 


An  analysis,  taking  into  consideration  the  presence  of  an 
unavoidable  loss  in  heat  emission  and  friction  during  the  time  the 
reaction  takes  place,  was  made  by  Ya.  B.  Zel’dovich  with  the  con¬ 
clusion  that  the  state  of  detonation,  which  corresponds  in  all  its 


properties  to  the  point  D,  is  attained  at  the  moment  when  the  heat 
content  of  the  gas  is  maximal*  i.e.,  when  the  evolution  of  heat 
from  the  reaction  is  balanced  by  the  loss  in  heat  emission  and 
friction,*  In  this  state  precisely  the  fundamental  property  of 

♦Strictly  speaking,  the  loss  by  friction  is  accompanied  by 
a  change  in  the  momentum  of  the  mixture,  so  that  in  the  presence 
of  friction  equation  (4)  is  also  altered  and  the  depicting  point 
does  not  lie  on  AC?  this  circumstance,  which  does  not  change  in  its 
principal  aspect,  is  considered  in  the  work  mentioned.1'^ 

detonation  uD  e  CD,  which  ensures  the  mechanical  stability  of  the 
wav®,  is  realized.  It  is  very  vital  that  in  the  reaction  zone 
(on  the  section  AE  of  the  straight  line  AC  of  Fig.  2}  u  <C*  thanks 
to  which  the  maintenance  of  the  shock  wave  front  by  the  subsequent 
combustion  is  possible.  However,  the  adiabat  on  which  D  now  lies 
corresponds  not  to  a  total  thermal  effect  of  the  reaction,  but  to 
a  liberation  of  an  amount  of  heat  equal  to  the  difference  between 
that  liberated  at  the  moment  D  by  the  heat  of  the  reaction  and  the 
heat  lost.  Accordingly  every  adiabat  constructed  taking  this  loss 
into  account  lies  below  the  ideal  adiabat  FDT,  and  the  inclination 
relating  to  it  is  smaller?  the  rate  of  detonation  in  the  presence  of 
a  loss  is  likewise  smaller  than  the  ideal  rate.  _ _ 
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Steady  detonation,  corresponding  to  the  upper  branch  of  the 
curve  DKF,  is  first  of  all  impossible  due  to  mechanical  causes 
(u^^C^).  The  lower  branch  of  the  curve  DOT  is  also  excluded  in 
the  theory  of  Zel'dovich  in  a  completely  obvious  way*  in  order  to 
arrive  at  the  state  M,  the  gas  must  first  pass  into  L  and  then, 
after  a  series  of  successive  states  along  the  straight  line  AL,  drop 
to  M  (Fig.  2). But  in  this  process  the  substance  should  pass  through 
the  series  of  states  of  the  portion  KM  of  the  straight  line,  in 
which  the  amount  of  heat  should  be  greater  than  that  contained  in 
the  reacting  substance;*  ^his  obviously  is  impossible.  A  direct 


♦Indeed,  all  the  points  of  the  section  KM  appear  at  the 
same  time  to  be  points  of  the  adiabats  lying  above  the  adlabat  FDT. 


abrupt  transition  from  the  state  K  to  the  state  M  is  impossible, 
since  a  shock  wave  of  rarefication  is  thermodynamically  impossible 
(theory  of  Tsemplen1®), 

Thus,  the  introduction  of  the  time  of  the  chemical  reaction 
into  the  consideration  renders  possible  a  strict  basis  for  selection 
of  the  state  D  as  the  only  one  realizable  in  the  steady  detonation 
wave. 

Recently  articles  have  appeared  in  foreign  literature,  es¬ 
pecially  the  American,  in  which  the  authorship  of  the  current  theory 
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Ilg.  3.  Distribution  of  temperature,  pressure,  density,  and 
concentration  in  the  detonation  wares 
E  ~  wav©  fronts  D  ~  state  corresponding  to  the  point  of 
Jouguet 

1  -  Reaction  products*,  2  -  starting  mixture 
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of  detonation,  developed  by  Ya.  B.  Zel’dovich,  is  ascribed  to  John 
von  Melman,  who  published  his  work  in  1942  in  a  special  edition 
(OSRD  Rep.  No*  549,  1942).  Let  us  recall  that  the  exhaustive  art¬ 
icle  of  Ya.  B.  Zel'dovich  with  a  full  exposition  of  his  theoretical 
results15  was  published  in  1940,  and  even  before  the  war  was 
frequently  cited  in  a  number  of  Soviet  works  on  detonation,  nonethe¬ 
less,  in  the  large  survey  article  of  Eyring  and  co-workers^  devoted 
to  the  problem  of  the  stability  of  detonation  of  explosive  sub¬ 
stances,  the  authors,  analyzing  the  material  from  the  point  of  view 
of  the  course  of  the  reaction  behind  the  wave  front,  nowhere  men¬ 
tioned  the  name  of  Ya.  B.  Zel’dovich,  hut  often  made  special  al¬ 
lusions  to  Hetman.  Kistiakoffsky  and  eo-workers20  do  the  same 
thing  in  their  recent  work  on  detonation  in  a  hydrogen-oxygen  mix¬ 
ture.  Especially  curious  is  the  fact  that  these  authors  there  refer 
to  the  article  of  Ya.  B.  Zel’dovich  of  1940*  (which,  therefore,  was 


■^Moreover,  Inaccurately,  ascribing  to  him  an  assertion  which 
he  did  not  make. 

known  to  them),  but  In  connection  with  other  problems  (the  trans¬ 
fer  of  slow  combustion  in  detonation). 

Insofar  as  it  is  possible  to  judge  from  the  literature  avail¬ 
able  to  us,  von  Neiman  did  not  consider  at  all  the  most  important 
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problem  for  this  theory,  detonation  in  the  presence  of  a  loss  of 
energy  from  the  reaction  rone,  while  Ya.  B«  Zel'dovich  resolved 
this  question  quite  completely  and  rigorously.  Now,  In  1950, 
Kistiakoffsky2°  and  co-workers  as  "the  result  of  their  experimental 
material,"  express  (as  their  original  hypothesis,  "developing  the 
concept  of  Nelman")  the  idea  that  in  the  presence  of  a  loss,  the 
point  of  Jouguet  is  obtained  at  the  moment  when  the  losses  become 
equal  to  the  intake. of  heat  —  a  result  which  was  rigorously  ob™ 
talnsd  by  Ya.  B.  Zel’dovich  in  1940. 

The  facts  presented  above  are  very  indicative  and  clearly 
characterize  the  unceremonious  attitude  of  some  foreign  researchers 
to  the  priority  of  Soviet  scientists. 

4.  The  Mechanism  of  Transfer  of  the  Reaction  I 

-J,  Trn- m- ¥1  rirr-  rrtnr  ■  «  r  -  T  -  TTI  ‘  -  i  r^Kumunmi  ir-  .hr v.  'irwinr-niwuM-WirtWBu  j 

I 

Is  the  accepted  mechanism  of  the  reaction  (auto-ignition  as 

j 

a  result  of  compression)  the  only  one  possible?  Until  now  there 

I  I 

|  have  been  no  direct  and  convincing  experimental  data  which  would 
permit  an  unambiguous  basis  for  the  selection  of  the  mechanism  of 
ignition  by  pressure  of  a  shock  wave.  Gasodynamic  theory  indicates 
only  that  combustion  begins  after  compression  by  a  shock  wave?  this, 
however,  does  not  mean  that  it  is  caused  by  the  compression.  For 
example,  such  a  scheme  where  behind  the  shock  wave  front,  at  some 
distance  from  it,  the  reaction  is  propagated  in  the  form  of  a  normal 
flame  along  the  gas  compressed  by  the  wave  is  also  logically  possible. 
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In  this  scheme,  the  whole  relationship  of  the  theory  of  Zel’dovich 
and  the  whole  scheme  of  the  detonation  wave  are  conserved,  since 
they  do  not  depend  on  the  concrete  mechanism  of  the  ccwrse  of  the 
reaction  and  are  obtained  only  from  the  single  consideration  of  the 
course  of  the  reaction  in  time  and  the  selection  of  the  state  E  as 
the  first  state  realised  within  the  detonation  wave.  However,  the 
nature  of  the  chemico  -kinetic  functions  in  the  wave,  the  quan¬ 

titative  influence  of  the  initial  pressure,  the  initial  temperature, 
and  other  factors  on  them  will  strongly  differ  in  both  cases,  de¬ 
pending  on  whether  the  reaction  is  propagated  by  means  of  a  flame 
or  by  means  of  auto-ignition  as  a  result  of  compression. 

A  basic  objection  which  is  usually  expressed  against  such  a 
scheme  boils  down  to  the  fact  that  a  flame  which  is  propagated  by 
means  of  molecular  thermal  conductivity  can  not  be  propagated  with 
the  rate  demanded  by  the  conditions  of  the  detonation  wave.  Indeed, 
the  boundary  of  the  reaction  zone  in  the  wave  moves  relative  to  the 
reaction  products  with  the  velocity  of  sound,  while  the  normal  rate 
of  the  flame  is  known  to  be  much  smaller  than  the  velocity  of  sound. 
This  objection,  however,  can  be  easily  removed  by  assuming  that  the 
front  of  the  flame  is  not  flat.  The  normal  velocity  of  the  flame, 
of  course,  remains  unchanged  under  this  assumption,  but  the  total 
amount  of  the  burning  substance  increases  proportionally  to  the  sur¬ 
face  of  the  flame,  while  the  volume  of  the  burning  substance  in¬ 
creases  in  the  same  proportion}  hence,  the  path  traversed  by  the 
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flams  along  the  tube  is  equivalent.  At  the  place  where  the  flame 
front  is  distorted,  as  3  result  of  the  increase  in  the  amount  of 
substance  burning  in  a  unit  section  of  the  tube,  an  increase  in  the 
axial  velocity  of  its  motion  arises,  and,  therefore,  so  does  an  in¬ 
crease  in  the  pressure  gradient,  which  in  turn  leads  to  the  formation 
of  individual  jets  and  bursts  of  gas,  which  carry  the  flame  out 
forward,  etc.  The  rate  of  transference  of  the  flame  now  is  made  up 
of  the  normal  rate  of  its  propagation  along  the  motionless  gas  and 
the  rate  of  the  jets  of  gas  which  transfer  the  flame  and  can  prove 
to  be  much  larger  than  the  normal  rate.  K.  I.  Shchelkln  was  the 
first  to  pay  attention  to  the  influence  of  the  agitation  of  gas  in 
the  phenomena  of  detonation,  f irst;  in  the  origin  ,  of  detonation^ 

K.  i.  Shchelkln  also  detected  a  strong  influence  of  the  roughness  of 
the  walls  on  the  propagation  of  detonation.^  For  a  more  detailed 
exposition  of  the  theory  of  the  acceleration  of  the  flame  in  the 
stream,  see  21,22. 

As  L.  D.  Landau23  showed,  a  flat  flame  front  should  become 
unstable  under  certain  conditions,  and  auto-agitation  should  take 
place,  leading  to  the  development  of  the  surface  of  the  flame  and 
an  increase  in  the  rate  of  propagation.  Unfortunately,  it  is  still 
quits  unclear  under  just  what  conditions  auto<*agitation  of  the  flame 
actually  takes  place.  It  is  unclear  whether  a  stable  complex 
"shock  wave  -  auto-agltated  flame"  is  constructed.  Hence,  it  is 
difficult  to  make  an  immediate  definitive  evaluation  of  the  possl- 
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bility  of  the  actual  existence  of  such  a  mechanism  of  the  propaga¬ 
tion  of  the  reaction  in  the  detonation  wave,  although,  as  we  shall 
see  further,  there  are  many  indirect  indications  that  in  a  number 
of  cases  it  does  take  place. 

Another  possible  mechanism  for  the  transfer  of  the  reaction 
by  turbulent  flame  was  recently  considered  by  M.  A.  Rivinf r 

Let  us  consider  schematically  the  nature  of  the  motion  of 
the  gas  behind  the  detonation  front.  At  the  moment  of  compression 
in  the  shock  wave  front  AA,  the  gas  (Fig.  4A^  until  then  at  rest, 
is  compressed  and  takes  on  a  translational  velocity  VI,  which  is  the 
same  along  the  whole  section  of  the  tube.  .  In  proportion  to  the 
motion  along  the  tube  (and,  accordingly,  the  distance  from  the  wave 
front),  the  particles  of  gas  adhering  to  the  walls  are  retarded, 
forming  a  boundary  layer  of  increasing  thickness.  At  some  distance 
from  the  place  of  the  beginning  of  the  flow,  a  disruption  in  the 
laminar  boundary  layer  takes  place.  The  turbulent  boundary  layer 
being  formed  gradually  thickens  until  it  encompasses  the  entire 
section  of  the  tube.  Directly  behind  the  place  of  the  disruption 
the  stream  consists  of  the  very  thin,  so-called  "laminar  sub-layer" 
which  adheres  to  the  wail  and  becomes  the  turbulent  boundary  layer 
of  increasing  thickness,  and  (in  the  center)  of  the  basic  stream 
with  a  constant  value  of  the  velocity.  The  velocity  of  the  flow  of 
gas  in  the  boundary  layer  varies  from  zero  at  the  wall  to  the  velo¬ 
city  W  at  the  boundary  of  the  boundary  layer  and  the  central  nucleus 
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of  the  stream.  The  whole  process  close  to  the  beginning  of  the 
flow  introduces  the  picture  of  flowing  around  a  thin  plate,  with 
the  distinction  that  in  the  case  under  consideration,  as  a  result  of 
the  constancy  of  consumption,  the  retarding  of  the  gas  close  to  the 
walls  by  the  variation  in  pressure  produces  a  corresponding  increase 
in  its  rate  in  the  nucleus,  and  thus  a  decrease  in  the  rate  of  the 
wave  relative  to  the  gas  in  the  nucleus  D  -  Wn.  The  site  of  dis¬ 
ruption  in  the  boundary  layer  in  physical  hydrodynamics  is  deter¬ 
mined  by  the  condition  that  the  number  of  Reynolds,  consisting  of 
the  distance  from  the  beginning  of  the  detour  in  the  flow  to  the 
place  of  the  disruption,  was  equal  to  5*105.  For  the  case  of  typ¬ 
ical  normal  detonation  in  the  mixture  2H2  4*C>2  (at  an  initial  pres¬ 
sure  of  one  atm.),  this  distance  proved  to  be  equal  to  approximately 
0,3  cm.  Accordingly,  the  distance  from  the  wave  front  to  the  place 
of  disruption  of  the  boundary  layer  (the  distance  between  the  sec¬ 
tions  B8  and  AA)  is  equal  to  0.3(D-W)/W  s»0.06  cm.,  while  the  time 
from  the  beginning  of  the  compression^^  10  ^sec. 

Let  us  suppose  that  auto-ignition  of  the  mixture  behind  the 
wave  front  takes  place  somewhere  to  the  right  of  BB,  for  example  in 
CC.  If  It  should  turn  out  that  the  rate  of  propagation  of  the  flame 
under  the  conditions  of  the  turbulent  layer  (along  its  inner  side), 
wturb.»  thanks  to  the  redistribution  of  velocity  in  the  stream  and 
the  large  size  of  the  pulsation,*  is  larger  than  the  velocity  of 
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*The  pulsation  rata  is  proportional  to  the  difference  in  rates 


of  close-lying  streams  of  gas.  In  the  esse  under  consideration, 
the  velocity  of  the  gas  varies  over  the  extent  of  the  thin  boundary 
layer  from  zero  at  the  wall  to  W  «  0.8  -  0.8SD  at  its  inner  bound¬ 
ary.  Pulsations  of  the  order  of  hundreds  of  m/sec.  correspond  to 
this.  We  should  add  that  the  normal  velocity  of  the  flame  at  a 
high  temperature  of  the  gas  in  the  shock  wave  should  also  be  great. 
For  the  influence  of  both  these  factors  on  the  combustion  rate  see 
21,  22. 


the  wave  relative  to  the  compressed  gas,  then  the  flame  moving  along 
the  inner  side  of  the  turbulent  layer  would  approach  the  site  of 
!  the  disruption  (section  BB)  and  the  stationary  state  shown  in  Fig. 

4,  b  would  be  attained.  At  some  distance  behind  the  wave  front, 
close  to  the  place  of  disruption  of  the  boundary  layer,  a  circle  of 
flame  is  established  which  is  propagated  along  the-  agitated  layer 
with  the  same  velocity  as  the  wave.  From  this  circle  the  turbulent 
flame  is  propagated  along  the  whole  section  of  the  tube.  In  the 
section  CC  the  state  of  the  products  of  the  concluding  combustion 
corresponds  to  the  point  of  Jouguet  on  the  P-v  diagram.  The  average 

time  from  the  beginning  of  the  compression  of  the  layer  of  gas 
(section  AA’)  to  the  termination  of  the  combustion  in  it  will  repxe- 
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Fig,  4.  A  possible  scheme  for  the  transfer  of  combustion 
by  a  turbulent  flame  behind  the  detonation  wave  front, 

1  -  wave  front;  2  -  detonation  products. 
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sent  In  this  scheme  the  effective  time  of  reaction. 

Thus*  under  the  condition  whan  w^urb  2*  ^  suffici¬ 

ent  if  the  time  required  for  adiabatic  ignition  in  the  wave  proves 
to  be  greater  than  approximately  10  ^  sec.*  so  that  the  compressed 
gas  will  begin  to  burn  before  ignition  takes  place.  The  emergence 
of  a  focus  of  combustion  at  some  spot  in  the  section  (this  also 
pertains  completely  to  spin  detonation)  automatically  makes  auto¬ 
ignition  difficult.  A  partial  local  consumption  of  the  mixture  in 
a  given  section  corresponds  to  a  decrease  in  the  average  values  of 
the  density  and  pressure  for  the  section  (the  depicting  point  in  the 
P  -  v  diagram  moves  upward  along  the  straight  line  of  Mikhel’son) 
and  leads  to  a  corresponding  isentropic  drop  in  the  temperature  of 
the  still  unreacted  portion  of  the  mixture.  The  decrease  in  the 
pressure  and  the  temperature  should  entail  a  hindrance  of  ignition* 
a  displacement  of  it  from  the  wave  front;  and* in  the  case  of  a  suf¬ 
ficiently  strong  dependence  of  the  rate  of  reaction  on  these  factors, 
should  also  lead  to  a  complete  disruption  of  it. 

It  is  easy  to  see  that  when  satisfying  both  the  three  equa¬ 
tions  —  (1),  (2)  and  (11),  and  the  assumption  that  the  reaction 
from 

takes  place  in  time  the  initial  state  A  to  the  detonation  state  D 

fa 

(Fig.  2)»  it  is  possible  to  pass  not  only  through  state  E,  but  also 
directly  from  A  along  the  section  of  the  straight  line  AD.  Although 
there  are  no  general  bases  for  rejecting  such  a  scheme  of  the  struc¬ 
ture  of  the  detonation  wave,  until  now  no  satisfactory  mechanism  for 
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the  transfer  of  the  reaction  has  been  proposed  for  it.  In  particu¬ 
lar,  all  the  attempts  to  construct  a  mechanism  in  which  the  re¬ 
action  is  transferred  by  active  particles,  which  fly  out  of  the 
detonation  flame  forward  into  the  fresh  gas,  encounter  one  general 
difficulty*  the  distance  of  the  action  of  such  a  bombardment 
cannot  exceed  several  lengths  of  the  free  path,  a  distance  at  whicn 
'A  all  reactions  should  be  able  to  take  place;  this,  as  we  have  seen 

above,  is  impossible. 

We  have  dwelt  on  the  consideration  of  this  scheme  chiefly 
in  order  to  emphasize  that  the  absence  of  general  bases  for  the 
prohibition  of  the  path  AD  leads  to  the  necessity  for  a  detailed 
^  analysis  of  every  new  mechanism  of  chemical  reaction  which  might  be 

proposed.  Thera  are  no  sufficiently  weighty  bases  for  asserting 
that  the  path  AD  is  impossible  in  principle.  This  renders  an  exper¬ 
imental  investigation  of  the  structure  of  the  detonation  wave,  which 

could  conclusively  resolve  the  problem  of  the  mechanism  of  the  un- 

of 

coupling  and  transfer  of  the  reaction  and/the  path  along  which  the 
state  of  the  substance  in  the  reaction  zone  varies,  especially 
vital.  Let  us  note  that  the  mechanism  of  turbulent  propagation 
proposed  by  the  author  and  considered  above  demands  a  rapid  motion 
of  the  gas  in  front  of  the  reaction  zone.  But  only  the  shock  wave, 
which  spreads  out  with  a  supersonic  velocity,  is  capable  of  setting 
the  gas  in  motion;  thus  this  mechanism  is  also  depicted  in  the 
P-v  diagram  by  the  jump  AE  and  the  section  ED,  and  not  by  the 
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direct  transition  AD. 

The  existence  of  limits  of  the  propagation  of  detonation*  ac- 
.  cording  to  the  theory  of  transfer  of  combustion  as  a  resuit  of  ig¬ 
nition  by  compression,  is  due  to  the  fact  that  as  the  mixture  is 
diluted  (or  the  pressure  or  temperature  is  lowered,  etc.},  the  re 
action  rate  in  the  shock  wave  decreases,  the  reaction  zone  is  extend¬ 
ed,  and  the  loss  of  energy  in  heat  emission,  friction,  and  incomplete 
combustion  in  the  reaction  zone  increases.  Beginning  with  some  a- 
mount  of  loss,  the  stationary  propagation  of  the  complex  "shock  wave 
plus  reaction"  becomes  impossible »  the  loss  of  energy  leads  to  a 
noticeable  drop  in  the  rate,  the  point  D  slips  downward,  and  the 
temperature  and  pressure  in  the  wave  drop.  This  leads  to  a  sharp 
deceleration  of  the  reaction,  to  an  increase  in  the  depth  of  its 
zone,  and,  consequently,  to  an  even  greater  increase  in  the  loss. 


Quantitative  estimates  show15  that  for  real  mixtures  the  lim¬ 
it  should  appear  at  comparatively  small  losses  of  energy—  of  the 
order  of  ten  per  cent  of  the  thermal  effect  of  the  reaction.  Such 
losses  can  take  place  only  when  the  reaction  zone  is  extended  to  a 
depth  of  at  least  several  diameters  of  the  tube.  Therefore,  ac¬ 
cording  to  the  theory,  close  to  the  limit  and  at  the  limit  the  zone 
of  increased  pressure  and  density,  corresponding  to  the  passage  of 
the  substance  through  a  series  of  states  on  the  straight  line  HD, 


should  have  a  significant  depth  and  should  yield  comparatively  sim¬ 
ply  to  experimental  investigation.^  However,  a  comparison  with  the 
experimental  material  shows  that  long  before  the  limit  is  reached 
the  detonation  wave  takes  on  a  radical  difference  from  the  "normal" 
structure,  becomes  "spin"  detonation  and  that,  in  fact,  we  must  dif~ 
ferentiate  two  limits*  the  limit  of  "normal"  detonation,  when  it 
passes  into  the  "spin"  detonation,  and  the  limit  of  "spin"  detona¬ 
tion  or  the  absolute  limit.  Therefore,  before  dwelling  in  detail 
on  the  problem  of  the  limits  of  detonation,  we  must  turn  to  a  con¬ 
sideration  of  the  very  phenomenon  of  "detonation  spin," 

5.  Detonation  Spin 

"Detonation  spin"  was  discovered  in  1926  by  Campbell  and  co- 
workers,25  who  noticed  the  wave  properties  of  the  line  of  the  de¬ 
tonation  wave  front  and  ths  system  of  bands  of  intensified  emission 
("the  band  structure")  on  the  photographs  of  detonation  in  a  num¬ 
ber  of  mixtures.  The  very  simple  and  convincing  experiments  of  Camp¬ 
bell  and  co-workers  showed  that  the  phenomenon  of  spin  is  not  re¬ 
lated  to  any  external  influences  (oscillations  of  the  walls  of  the 
tube,  oscillations  of  the  column  of  gas,  etc.),  but  Is  inherent  in 
the  very  phenomenon  of  propagation  of  detonation.  In  spin  detona¬ 
tion  the  head  of  the  flame  photographed  on  film  does  not  fill  the 
whole  section  of  the  tube,  but  is  propagated  along  it  in  a  spiral 
path,  where  the  flame  itself  has  the  form  of  a  column  rotating  along 
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the  periphery  of  the  tube.  Hence  photographs  of  the  flame,  taken 

through  a  longitudinal  split,  also  have  a  wave-like  front.  Some-  . 

times,  photographing  an  entire  glass  tube  (without  slit),  it  is 

possible  to  obtain  on  the  film  a  clearly  visible  spiral,  traced  by 

the  flame .  On  photographs  on  moving  film, made  through  a  circular 

slit  in  the  end  of  the  explosion  tube,  the  flame  leaves  a  trace  in  , 

the  form  of  a  cycloid,  which  also  indicates  the  propagation  of  the 

head  of  the  spin  in  a  spiral.  Detailed  measurements  by  Campbell, 

and  then  by  Bone  and  co-workers,26  and  others  have  shown  that  the 

pitch  of  the  spiral  described  by  the  head  of  the  spin  depends  prac-  j 

tieally  solely  on  the  diameter  d  of  the;  tube  and  is  approximately  ' 

equal  to  three  diameters.  Accordingly,  the  frequency  of  the  spin 

(the  number  of  rotations  completed  by  the  flame  in  a  second), 

equal  to  N  *  D/3d,  appears  to  be  almost  as  characteristic  for  each 

given  mixture  as  the  rate  of  propagation  of  detonation  D.  It  turned  | 

out  that  the  spin  can  be  many-headed,  i.e.,  several  focuses  of  the 

flame  can  be  propagated  simultaneously  along  several  spiral  paths 

of  equal  pitch.  The  heads  are  larger  the  larger  the  diameter  of  the 

tube  and  the  further  the  mixture  approaches  the  limit. 

up  to  1000m/ se  c .  .  . 

Based  on  high  speed  (scanning  speed  ^  )  photographs 

spin  detonation  in  a  mixture  2C0+  O2,  Bone  and  co-workers  assert  that 
the  horizontal  system  of  spin  bands  is  nothing  but  an  optical  illu¬ 
sion.  In  fact  two  systems  of  bands,  differing  from  the  head  of  the 
flame  by  their  angle  to  each  other,  exist.  Bright  spots  oo,the_pho^ 
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tograph  at  the  places  of  Intersection  of  these  bands^  blending  to¬ 
gether*  give  the  impression  of  the  horizontal  bands  visible  on  the 
usual  photographs  of  spin  detonation.  One  system  of  bands,  directed 
along  the  movement  of  the  wave,  represents  the  trace  of  luminous 
gases  (contaminated*  evidentally,  by  dust),  which  move  behind  the 
front  of  the  detonation.  Another  system  of  bands  directed  against 
the  movement  of  the  wave  represents,  according  to  Bone,  the  traces 
of  the  compression  waves  which  arise  in  the  detonation  front  as  a 
result  of  periodic  ignition  of  individual  portions  of  the  mixture, 
included  in  one  coil  of  the  spiral.  The  reaction  of  the  detonation 
wave,  according  to  these  authors,  is  transferred  from  the  flame  front 
with  the  aid  of  radiation,  absorbed  by  the  compressed  gas  in  the 
shock  wave,  which  is  propagated  somewhat  ahead  of  the  flame.  This 
Jacobi  radiation  produces  local  heating  in  the  formation  of  active 
centers,  as  a  result  of  which  a  local  ("point")  ignition  occurs. 

Without  even  speaking  of  the  doubtfulness  of  the  numerous 
hypotheses  of  the  scheme  of  Bone,  it  does  not  explain  the  basic  ex¬ 
perimental  fact  —  the  rotation  of  the  head  of  the  flame  in  the  spi¬ 
ral  along  the  walls  of  the  tube.  Ibis  fact  is  also  persistently  ig¬ 
nored  in  several  other  proposed  explanations  of  spin,  on  which  there 
is  no  need  to  dwell  here.39  The  experiments  of  the  authors  cited  on 
the  propagation  of  detonation  in  tubes  of  rectangular  and  triangu¬ 
lar  sections  are  extremely  important. 25, 26  It  has  turned  out  that 
in  such  tubes  the  head  of  the  spin  is  propagated  approximately  along 
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,  scribed  circle*  -t.il.  the  aftarglo-  preserves  »  band  structure. 

The  results  of  these  e,peri»ents  have  permitted  the  authors  to  as¬ 
sert  that  spin  IS  not  related  to  a  rotation  of  the  entire  case  of 
the  gas  as  a  -hole,  as  -as  originally  proposed  by  Campbell  and 

co-workers. 

The  first  rational  idea  of  the  mechanism  of  spin  was  ex¬ 
pressed  by  K.  I.  Shchelkin27  in  1945.  Based  on  the  instantaneous 
Teppler  photograph  of  spin  in  the  mixture  2CO+O2,  conducted  in  the 
cited  work  of  Bone  and  co-workers,  on  which  it  is  visible  that  the 
shock  wave  front  has  a  break,  K.  I.  Shchelkin  proposed  that  deton¬ 
ation  spin  is  always  related  to  the  presence  of  a  break  in  the  shock- 
wave  front  and  that  the  ignition  of  the  mixture  takes  place  just  at 
the  site  of  the  break,  where  the  pressure  and  temperature  of  the  gas 
should  be  considerably  higher  than  on  the  flat  shock  wave  front.  The 
break  itself,  as  a  result  of  interaction. with  the  flame  following 
behind,  rotates  along  the  shock  wave  front  along  the  circumference 
of  the  tube.  The  spin,  according  to  Shchelkin*  arises  when  the  lim¬ 
it  is  neared,  when  ‘‘ignition  in  the  plane  shock  wave  (as  is  the  case 
in  normal  detonation)  becomes  impossible.”  From  the  site  of  ignition 
the  reaction  is  propagated  along  the  whole  section,  just  as  a  nor¬ 
mal  flame. 

On  the  basis  of  the  detailed  analysis  of  the  phenomena  which 
occur  in  the  break,  Ya.  B.  Zel’dovich2®  also  came  to  the  conclusion 
that  the  ignition  of  the  gas  takes  place  in  the  break  of  the  shock 
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wave.  The  rate  of  propagation  of  the  break  relative  to  the  gas 
flowing  into  it  Dj.  >  Dj  hence  the  temperature  and  pressure  in  it  are 
correspondingly  higher*  and  the  combustible  mixture,  which  reacts 
with  difficulty  in  the  plane  shock  wave, should  be  easily  ignited  in 
the  break.  The  break  and  the  ignition  in  it  should  be  considered  as 
"super  compressed"  detonation,  supported  by  the  plane  shock  wave. 
Utilizing  the  circumstance  that  the  head  of  the  spin  is  propagated 

along  the  periphery  of  the  tube*  it  is  possible  to  show  the  essent¬ 

ially  three  dimensional  phenomenon  of  spin  in  a  first  approximation 
in  two  dimensions. 

In  Fig.  5,  borrowed  from  the  work  of  Ya.  B.  Zel’dovich,  the 

rectified  peripheral  shock  wave  front  in  this  case  is  depicted.  In 

a  consideration  of  the  figure*  we  should  remember  that  the  points 
$  and  S  are  in  essence  the  coinciding  points  on  the  circumference 
(the  place  where  the  circumference  is  cut). 

The  break  GjOg  is  depicted  as  exaggeratedly  large  for  conven¬ 
ience  in  the  consideration.  As  can  be  seen  from  Fig.  5»  motion  of 
the  break  consists  of  motion  along  the  axis  of  the  tube  with  the 
velocity  of  the  detonation  D  and  movement  along  the  circumference  of 
the  tube  with  the  velocity  •  As  a  result,  the  break  moves 

in  a  spiral.  A  high  temperature  and  pressure  behind  the  front  of 
the  break  produces  a  rapid  reaction  (ignition)  of  the  gas  somewhere 
on  the  line  Ol'Og*,  and  hence  reaction  products*  the  state  of  which 
should  be  described  by  some  point  of  the  detonation  adiabat  of 


Fig.  5.  Scheme  of  the  spin  wave.  O1O2  is  the  break  in  the 
shock  wave  front. 

Hugorsiot  (Fig.  6)  already  are  found  in  zone  F.  Since  the  pressure  of 
the  combustion  products  Pp  in  F  is  equal  to  the  pressure  of  the  sur¬ 
rounding  gas,  compressed  by  the  flat  (more  accurately,  almost  flat) 
shock  wave  PB,  the  state  of  the  reaction  products  corresponds  to  the 


\ 


point  F  on  the  curve  of  Hugonict.  From  the  condition  of  stationar- 
|  lmF(S  of  the  propagation  of  the  whole  system,  it  follows  that  the  . 

■  ignition  front  CVCfe'  and  the  front  of  the  transverse  portion  of  j 

the  shockjwave  0j02  should  be  propagated  with  the  same  velocity* 
Consequently*  the  state  of  the  compressed  gas  behind  the  front  of 
the  transverse  shock  wave  should  correspond  to  the  point  0  of  our 
diagram. 

A  flame  from  rone  F  (Fig.  5)  propagated  along  the  compressed 
but  unreacted  gas,  encompasses  the  entire  section  and  transfers  the 
gas  to  state  D,  i.e.»  to  the  state  of  normal  detonation. 

The  scheme  presented  Is  only  a  first  rough  approximation,  in 
which  at  the  boundary  of  zone  F  a  discontinuity  in  the  velocity  of 
the  motion  of  fresh  gas  and  the  combustion  products  is  obtained. 

For  information  on  the  equilibrium  of  the  rates  and  pressures,  we 
must  impose  a  supplementary  system  of  weak  waves  of  compression  and 
rarification,  proceeding  from  Oj1  and  Og* .  As  a  result,  a  condi¬ 
tion  of  stability  of  zone  F  arises?  the  velocity  of  the  detonation 
products  in  zone  F  (in  the  "transverse  wave" )  relative  to  the  basic 
wave  front  should  be  equal  or  greater  than  the  velocity  of  sound. 

For  a  calculation  of  the  state  of  the  gas  in  the  "transverse"  shock 
wave  and  a  calculation  of  the  angle  of  its  inclination  this  velocity 
can  be  considered  equal  to  the  velocity  of  sound,  to  which  the  op¬ 
timal  condition  of  ignition  (the  greatest  PT)  in  the  wave  front 
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0l020x'02*  corresponds.  This  assumption,  however,  has  until  now 
remained  without  theoretical  basis,  just  as  fox  a  long  time  the 
selection  of  the  point  of  Jouguat  in  the  classical  theory  of  normal 
detonation  remained  without  basis. 

The  calculation  of  the  angle  ct(Fig.  5),  carried  out  for 
concrete  mixtures  has  shown  good  agreement  with  experiments 
{oL  f  45°,  pitch  of  the  spin  3d}, 

6.  The  Reaction  Time  and  the  Mechanisms 
o?  Its  Transfer  in  the  Detonation  Wave, 

In  his  very  interesting  investigatiors  of  the  influence  of  the 
roughness  of  the  wall  on  the  course  of  combustion,  K.  I.  Shchelkin^ 
revealed  that  in  a  tube  in  which  a  wire  is  placed,  wound  in  the  form 
of  a  spiral  and  attached  to  the  Inner  surface  of  the  tube,  the  rate 
of  detonation  in  a  number  of  mixtures,  such  as  2H2  4*  CH4*t”,02» 

etc.,  noticeably  drops.  A  drop  In  the  rate  of  15  -  20#  In  compar¬ 
ison  with  the  rate  in  a  snwoth  tube  is  noted.  The  influence  of 
roughness  on  the  rate  of  detonation  can  be  caused  only  by  an  in¬ 
crease  in  the  loss  in  the  wall  (friction,  thermal  emission)  from 
the  reaction  zone,  up  to  the  attainment  by  the  gas  of  the  state 
corresponding  to  the  point  of  Jouguat.  Hence  from  the  experiments 
of  K.  I.  Shchelkin  which  we  have  described  it  follows  qualitatively 
that  the  reaction  zone  in  the  wave  has  a  considerable  extent,  fully 
comparable  in  any  case,  with  the  dimensions  of  the  roughness  itself 
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(the  diameter  of  the  wire  is  approximately  equal  to  1.5  -  2.0  mm. ). 
Such  an  extent  of  the  reaction  zone  corresponds  to  a  reaction  time 
exceeding  several  microseconds.  Utilizing  the  data  on  the  drop  in 

the  rate  of  detonation  in  narrow  tubes  and  comparing  it  with  the 

■ 

losses  in  thermal  emission  and  friction  of  the  walls  dependent  on 
the  diameter  of  the  tube,  we  can  draw  the  following  conclusions  on 
the  reaction  time  s 

1.  The  magnitude  of  the  reaction  in  the  mixture  2H24.O2.at  an 
initial  atmospheric  pressure  is  proved  to  be  of  the  order  of  five  to 
ten  microseconds.  This  quantity  is  fifty  to  a  hundred  times  larger 
than  the  quantities  calculated  by  A.  I«‘  Brodskiy  and  Ya.  B.  Zel'do- 
vich^  from  data  on  the  well-investigated  kinetics  of  the  oxidation 
of  hydrogen  in  combustion. *6 

2.  The  dependence  of  the  length  of  the  reaction  on  a  sim¬ 
ultaneous  variation  In  the  pressure  and  temperature  in  the  shock 
wave  proves  to  be  considerably  weaker  than  it  follows  from  the 
known  kinetic  data. 16,29  xhe  reaction  time  depends  little  on  the 
temperature  and  pressure. 

3.  The  reaction  time  both  for  normal  detonation  and  for  spin 
detonation  prove  to  be  independent  of  the  diameter  of  the  tube . 

The  extremely  low  influence  of  pressure  and  temperature  on 
the  rate  of  the  reaction  observed  is  in  poor  agreement  with  the  cur¬ 
rent  representations  of  the  kinetics  of  the  corresponding  reactions. 
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For  an  agreement  with  the  classical  theory  of  the  transfer  of  the 
reaction  by  means  of  compression  of  ignition,,  soma  kind  of  supple" 
mentary  assumption  on  the  mechanism  of  the  course  of  the  reaction 
in  the  wave  must  be  made*  for  example*  the  assumption  of  the  pre~ 
sence  of  some  kind  of  secondary  exothermic  reactions  with  a  low  tem¬ 
perature  coefficient  in  the  incompletely  burned  substance  or  the 
assumption  of  the  presence  of  an  abrupt  redistribution  of  energy 
between  the  degrees  of  freedom  in  the  reaction  product,  etc.  The 
most  probable  is  the  assumption  that  in  the  mixtures  investigated 
a  mechanism  which  is  radically  different  from  the  classical  mechanism 
of  transfer  of  the  reaction  by  turbulent  combustion  takes  place 

(see  24). 

The  critical  values  of  the  criterion  of  Reynolds  observed  in 

30  31 

innumerable  experimental  works  on  this  subject,  *  iu  which  the 
flat  flame  front  is  auto-agitated  (Recr.  r  5.104-10°)!  are  of  the 
same  order  as  the  value  of  Rs  behind  the  shock  wave  front  at  the 
limit  of  appearance  of  the  spin.  Thus,  for  the  mixture  19%  CH4  plus 
81%  Og,  the  value  of  the  criterion  of  Reynolds 


T?e  = 


wft  d 


where  wn  —  the  normal  velocity  of  the  plane  probably  does  not 
exceed  105  (an  accurate  calculation  is  made  difficult  by  the  nec 


47 


i 

\ 


essity  extrapolating,  and  thus  the  normal  velocity  under  normal  con¬ 
ditions  of  temperature  and  pressure  in  the  shock  wave  is  not  too 
well  known.  However,  as  is  now  evident,  in  addition  to  the  viscosity 
there  are  also  certain  factors  which  stabilize  the  flat  front  of  the 
flame,  and  hence  it  can  be  expected  tha_t  the  stability  is  not  depend¬ 
ent  only  on  the  quantity  Re. 

According  to  the  scheme  proposed  by  M.  A.  Rivin,^  behind  the 
wave  front  a  zone  of  weak  luminescence  should  follow,  which  repre¬ 
sents  the  trace  of  the  fine  concentric  turbulent  flame  (the  "mantle" 
flame  —  see  Fig.  4,  b),  which  then  is  either  propagated  along  the 
whole  section  or  produces  by  some  method  the  appearance  of  an  auto- 
turbulent  flame  (the  front  of  strong  luminescence*).  The  two  types 


*The  front  of  strong  luminiscence  here  may  not  have  noticeable 
Irregularities*  the  magnitude  of  the  irregularities  (tongues)  of  the 
excited  flame  front  can  be  very  small  in  comparison  with  the  diameter 
of  the  tube,  since  it  should  only  appreciably  exceed  the  thickness  of 
the  flame  itself  (icf3  -  10“4mm.).  Hence  the  surface  of  the  flame 
can  prove  to  be  sufficiently  well  developed  at  low  absolute  dimensions 

of  the  tongue. 


of  detonation,  normal  and  spin  —  correspond  from  this  point  of  view 


48 


to  two  different  mechanisms  of  transfer  of  the  reaction  —  by  the 
turbulent  flame  and  by  auto-ignition  as  a  result  of  compression  in 
the  head  of  the  spin  with  subsequent  complete  combustion  of  the  en¬ 
tire  mixture.  The  conditions  of  the  transition  from  normal  deton¬ 
ation  to  spin  detonation  remain  unclear  and  their  explanation  ap¬ 
pears  to  he  one  of  the  basic  tasks  for  further  investigation.  It  is 
clear  however  that  every  change  in  conditions  of  the  experiment  which 
approaches  the  limit  (the  dilution  of  the  mixture,  a  lowering  in 
the  initial  pressure)  makes  the  turbulent  propagation  and  the  ap¬ 
pearance  of  autoturbulization  difficult. 

Is  it  realized  under  any  conditions  and  in  any  systems  with 

a  non-spin  plane  auto-ignition  behind  the  shock  wave  front?  From 

the  material  presented  above  no  logical  bases  for  the  elimination  of 

such  a  mechanism  follows.  It  is  necessary  only  that  the  reaction 

time  under  the  conditions  of  the  shock  wave  be  sufficiently  small, 

i.e,,  that  the  depth  of  the  reaction  zone  be  less  than  the  distance 

at  which  the  disruption  of  the  boundary  layer  takes  place.  In  the 

experiments  of  K.  I.  Shchelkin  cited  above^  it  was  noted  that  a 

roughness  producing  a  drop  in  the  rate  of  ten  to  twenty  per  cent 

in  such  mixtures  as  CH4  -f  2Ck  or  2K^  4-  has  no  influence  on  the 
Wim  the  mixture  is  extremely  dilute  (e.g. 
rate  of  detonation  in  the  mixture  C2H2  4-  302*  ^  the  influence 

of  the  roughness  is  quite  clearly  manifested.  The  absence  of  an 

influence  of  roughness  on  the  rate  indicates  that  the  dimensions  of 

the  reaction  zone  are  small,  which  should  be  characteristic  pre- 
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cisely  for  the  classical  mechanism  of  transfer  of  the  reaction.  It 
will  be  very  interesting  to  investigate  detonation  in  the  mixture 
C2H44-302  both  by  the  method  of  loss  in  narrow  tubes  and  by  other 
methods,  and  to  verify  the  assumption  of  the  classical  mechanism  of 
transfer  of  the  reaction  in  this  mixture* 

Above  we  mentioned  the  kinetic  calculation  of  the  reaction 
time  in  the  work  of  A.  I.  Brodskiy  and  Ya.  B.  Zel’dovich?9  In  this 
work  a  first  attempt  was  made  at  a  direct  calculation  of  the  re¬ 
action  time  in  the  detonation  wave  and  the  limit  of  detonation  for 
a  concrete  chemical  system  —  the  mixtures  of  hydrogen  with  air  and 
hydrogen  with  oxygen. 

These  authors  placed  the  now  generally  accepted  scheme  of 
chain  oxidation  of  hydrogen  between  the  first  and  second  limits  of 
ignition  at  the  basis  of  their  calculation il° 

I.  h24-  02  =  20H  —  generation  of  the  chains. 

Xi,  OB+H2  s  BjO+H  —  continuation  of  the  chain. 

III.  H4-O2  2  OH+OV-  branching  of  the  chain. 

IV.  0+*H2  s  OH -Hi  j 

V.  H+'C^-bM  s  HOg+vM  —  breaking  of  the  chain  in  bulk. 

All  elementary  processes  related  to  the  participation  of  the 
walls  under  the  conditions  of  detonation  are  obviously  eliminated. 
The  rate  of  the  elementary  reaction  of  branching  III*  whose  energy 
of  activation  is  equal  to  13,000  cal. /mole,  is  of  decisive  signif- 
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icanee  for  the  rate  of  the  reaction.  The  rate  of  the  terminating 
reaction  is  independent  of  the  temperature  taken.  Utilizing  the 
known  rate  constants  of  the  elementary  reactions  X  -  V,  the  authors 
calculated  the  rate  of  the  reaction  (rate  of  formation  of  the  end 
product  —  HgO)  and,  respectively,  the  time  of  inhibition  of  the 
reaction  *  under  the  conditions  of  spin  detonation  in  a  hydrogen-air 


*As  the  characteristic  time,  a  time  is  taken  during  the  com® 
of  which  one  per  cent  of  the  substance  succeeds  in  reacting.  For  a 
chain  reaction  this  time  practically  does  not  differ  from  the  time 
of  the  reaction  of  ten,  twenty,  or  fifty  per  cent  of  the  substance, 
since  the  basic  part  of  the  entire  reaction  time  is  taken  up  by  its 
original  acceleration  (the  time  of  inhibition,  induction  period). 

th& 

mixture  at^lower  limit  (15%'  H2).  In  Fig.  7  the  calculated  depend- 
enc^  of  the  inhibition  time  't'  on  the  temperature  is  presented  in 
the  coordinates  Ig'fr—  T.  As  can  be  seen  from  the  curve,  above  a 
certain  temperature  (approximately  1300°  K.  for  the  given  concrete 
conditions)  the  reaction  of  breaking  of  the  chain  (reaction  V) 
proves  to  be  negligibly  slow  in  comparison  with  the  reactions  of 
branching.  However,  beginning  with  a  certain  critical  temperature 
and  below,  a  sharp  decrease  In  tha  rate  of  the  reaction  is  observed 
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(the  breaking  of  the  chain  through  formation  of  HOg  "extinguishes” 
the  branching  and  transfers  the  reaction  onto  another  slower  path) 
and,  correspondingly,  a  sharp  increase  in  the  reaction  time  (approx¬ 
imately  a  thousand  times  in  an  interval  of  100  degrees).  This  crit¬ 
ical  temperature  is  no  different  from  the  temperature  of  the  upper 
limit  of  the  ignition  at  the  pressure  of  the  shock  wave  (as  is  well 
known, ^  the  appearance  of  an  upper  limit  of  ignition  is  related 
precisely  to  bulk  termination  during  triple  collisions  according  to 
reaction  V).  A.  I.  Brodskiy  and  Ya.  B.  Zel'dovich  believe  that  the 
decrease  in  the  compression  temperature  at  the  head  of  the  spin 
proportional  to  the  dilution  of  the  mixture  up  to  the  critical  temp¬ 
erature  determines  the  appearance  of  an  absolute  (independent  of 
the  diameter  of  the  tube)  limit  of  detonation.  The  form  of  the  de¬ 
pendence  of  tT  on  T  is  also  explained  by  the  fact  that  close  to  the 
limit  the  propagation  of  normal  detonation  is  impossible,  while  spin 
detonation  can  still  be  maintained*  Indeed,  the  temperature  of  the 
gas  in  the  plane  shock  wave  at  the  lower  limit  (15%  %)  proves  to 
be  equal  to  1000°  K. ,  to  which  a  reaction  time  of  the  order  of 
milliseconds  (Fig.  7)  corresponds,  i.e.,  very  large  for  the  condi¬ 
tions  of  the  detonation.  At  the  head  of  the  spin  (T£  s  1430°K. ) 
the  reaction  time  is  measured  in  microseconds  and  proves  to  be  suf¬ 
ficiently  small  to  guarantee  rapid  ignition,  which  is  essential  for 
steady  propagation  of  detonation. 
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Fig.  7.  The  dependence  of  the  reaction  time  'f  in  a  mixture 
of  Ho  plus  ait  on  the  compression  temperature  at  the  head  of 
the  spin,  according  to  Zel’dovich  and  Brodskiy. 


The  calculation  of  the  reaction  time  in  the  plana  shock  wave 

in  the  detonation  of  a  stoichiometric  mixture  2»2‘h  °2  performed  by 

—8 

such  a  method  lead  the  authors  to  a  value T**  7.10  sec.  It  has 
already  been  noted  above  that  the  calculated^  proved  to  be  much 
less  (50  to  100  times)  than  the  measured  combustion  time  in  the  wave. 
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If  in  the  mixture  2H2+O2  the  reaction  in  the  normal  detonation  wave 
is  transferred  not  by  auto-ignition  as  a  result  of  compression,  but 
by  turbulent  combustion,  as  it  was  necessary  to  assume  for  an  ex¬ 
planation  of  the  experimental  data,  then  it  is  not  understood  why 
a  mixture  which  can  ignite  in  the  head  of  the  spin  at  the  limit  of 
detonation  cannot  ignite  in  a  flat  shock  wave  in  a  stoichiometric 
mixture,  although  both  the  temperature  and  the  pressure  of  com¬ 
pression  in  it  are  higher  than  in  the  first  case.  Moreover,  this  is 
not  the  only  contradiction  between  the  results  of  calculation  and 
those  of  the  experiments.  The  authors  of  the  calculation  themselves 
note  the  following  two  essential  contradictions} 

1.  From  the  scheme  of  the  reaction  itself  it  follows  that 
an  increase  in  the  pressure  should  narrow  the  limit,  since  the  rate 
of  the  termination  reaction  V,  proportional  to  the  number  of  triple 
collisions,  increases  with  pressure  more  rapidly  than  the  rate  of 
the  branching  reaction  III,  as  a  result  of  which  the  critical  temp¬ 
erature  is  increased.  Meanwhile,  from  the  experiments  of  Breton12 
it  is  known  that  an  increase  in  the  pressure  from  1  to  8.7  atm. 
lowers  the  limit  from  18.5  to  14.5  per  cent  H2  in  the  air.  This  fact 
is  in  apparent  contradiction  to  the  results  of  calculation. 

2.  For  the  same  reason  it  is  evident  that  with  an  increase 
in  the  initial  pressure,  for  example  in  a  stoichiometric  mixture 
2H24-02,  the  limit  of  the  propagation  of  the  normal  detonation  would 
first  be  reached, and  then  that  of  spin  detonation  would  be  reached. 
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Meanwhile,  experiments  are  known^ln  which  this  mixture  detonated  by 
the  initial  pressure  of  several  hundred  atmospheres.  It  is  known 
also  that  the  limit  of  propagation  of  detonation  advances  with  a 
decrease  in  the  initial  pressure  of  the  mixture.  All  these  contra¬ 
dictions  between  the  experimental  data  and  the  scheme  of  the  reaction, 
as  well  as  the  results  of  the  calculation,  indicate  that  in  a  tran¬ 
sition  from  high  temperatures  and  pressures  of  the  detonation  wave, 
some  factors  become  essential  which  are  not  taken  into  consideration 
in  the  general  schemes  of  the  reaction,  developed  on  the  basis  of 
a  study  of  the  reaction  in  the  region  of  promontory  ignition. 

An  explanation  of  these  factors  and  the  causes  of  the  di¬ 
vergence  between  experiment  and  calculation  is  of  very  great  in¬ 
terest. 

It  is  well  known  that  in  the  transition  of  normal  combus¬ 
tion  detonation,  detonation  often  arises  somewhat  in  front  of  the 
flame  front,  as  a  result  of  the  auto-ignition  of  the  gas  in  the 
shock  wave  which  has  been  formed.  Sometimes  this  fact  is  considered 
as  a  confirmation  of  the  fact  that  in  a  normal  detonation  wave  the 
reaction  takes  place  through  ignition  as  a  result  of  compression. 
However,  the  velocity  of  the  wave  close  to  the  site  of  the  auto¬ 
ignition  is  always  greater  than  the  velocity  of  the  detonation  wave 
established.  A  somewhat  simplified  scheme  of  the  only  published26 
detailed  photograph  of  the  site  of  the  appearance  of  detonation  in 
a  mixture  of  2CO>f  0^  is  presented  in  Fig.  8.  Detonation  appears 
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at  the  point  D,  approximately  60  mm,  in  front  of  the  normal  com¬ 
bustion  front,  which  moves  with  a  velocity  of  1275  m/sec.  The  rate 
of  detonation,  equal  close  to  the  site  of  appearance  to  3260  m/sec. , 
then  decreases  to  1980  m/sec.  and  only  at  a  considerable  distance 
from  point  D,  after  the  establishment  of  spin,  does  it  take  on  a 
stable  value  of  1760  m/sec.  It  is  possible  to  assume  that  the  high 
rate  close  to  the  site  of  the  appearance  is  due  either  to  the  fact 
that  the  shock  wave  here  is  propagated  along  the  gas,  moving  with  a 
velocity  of  3260  -  1760  -  1500  m./sec.  (i.e.»  along  the  peak  of  the 
adiabatic  compression  wave),  or  to  the  fact  that  at  the  moment  of 
its  formation  the  shock  wave  is  strongly  super compressed  in  compar¬ 
ison  with  the  stationary  wave.  And  in  both  cases  the  calculation 
leads  to  values  of  the  temperature  and  pressure  at  which  auto- igni¬ 
tion  takes  place  much  larger  than  those  attained  in  the  stationary 
wave.  From  this  the  conclusion  can  bs  drawn  that  the  pressure  and 
temperature  of  compression  behind  the  fiat  stationary  wave  front 
are  insufficient  for  a  rapid  auto- ignition  of  the  mixture.  Conse¬ 
quently,  the  fact  described  above  speaks  more  against  the  classical 
mechanism  than  in  favor  of  it  for  a  given  mixture  2004-02. 
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Fig.  8.  Scheme  of  a  detailed  photograph  of  the  site  of  the 
appearance  of  detonation  in  the  mixture  2C0  (>>. 


7.  Limits  of  Detonation 


Let  us  return  to  the  problem  of  the  limits  of  propagation  of 
detonation.  Breton^and  M.  A.  Rivin  and  A.  S.  Sokolik^  noted  that 
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when  3  limit  is  neared,  normal  detonation  turns  into  spin  detona¬ 
tion.  Qnlv  spin  detonation  is  observed  in  such  difficultly  deton- 
ating  mixtures  as  mixtures  of  the  majority  of  the  hydrocarbons  with 
air  or  of  carbon  monoxide  with  oxygen.  Kh.  A.  Rakipova,  Ya.  K. 
Troshin,  and  K.  I.  Shchelkin35made  a  special  investigation  of  the 
structure  of  the  wavs  in  a  number  of  mixtures  with  limits  and  in 
all  cases  detected  a  spin.  The  authors  indicated  on  this  basis  that 
the  theory  of  the  limit  of  detonation  should  be  a  theory  of  a  spin 
limit. 

A  complete  quantitative  theory  of  the  spin  limit  has  not  yet 
been  created,  since  in  essence  a  complete  theory  of  the  phenomenon 
of  spin  itself  has  not  yet  been  constructed.  Ya.  B.  ZePdovich 
and  .  S*  .  Kogarko3^  relate  the  appearance  of  a  limit  to  the  spread¬ 
ing  of  the  super compressed  gas  from  the  break  in  the  shock  wave 
{the  head  of  the  spin)  0]0i*  0202*  to  the  sides  (see  Fig.  5). 

Cooling  of  the  gas  in  the  break  as  a  result  of  the  spreading  should 
be  greater^  %'he  greater  the  ratio 


where  is  the  time  of  inhibition  of  ignition  in  the  head  of  the 
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spin,  and  b  is  equal  to  the  distance  0i02»  In  order  for  rapid 
ignition  to  remain  possible,  i.e.  in  order  for  the  amplitude  of 
the  wave  in  the  break  not  to  fall  too  low,  it  is  necessary  that  as 
£  increases  (for  example,  as  a  result  of  dilution  of  the  mixture) 
the  width  of  the  break  b  correspondingly  increases.  At  the  same  time 
the  quantity  b  should  remain  small  in  comparison  with  the  diameter 
of  the  tube}  otherwise  the  surface  SS  of  the  basic  shock  wave  takes 

on  too  large  an  inclination  to  the  axis  of  the  tube  (in  the  direction 

of  the  displacement  of  the  whole  wave  front),  as  a  result  of  which 

its  normal  velocity  to  the  surface  drops  and  the  pressure  behind  its 

front  is  lowered,  which,  in  turn,  leads  to  a  drop  in  the  pressure 
and  temperature  of  the  super-compressed  gas  in  the  break,  causes  an 
increase  intrc  »  etc. 

Thus,  the  spin  limit  should  depend  on  the  diameter  of  the 
tubes  the  larger  the  diameter,  the  wider  the  break  should  be,  the 
more  accessible  the  quantity  tf  c,  ®nd  "the  wider,  consequently,  should 
the  limit  be.  Here  we  should  expect,  independent  of  the  diameter 
of  the  tube,  the  spin  will  always  be  one -headed  by  the  limit.  Any 
influence  which  decreases tc  should  act  analogously  to  the  increase 
in  the  diameter.  Consequently,  for  the  spin  limit  the  same  qualita¬ 
tive  dependence  should  exist  as  that  which  is  predicted  by  the  theory 

|S 

of  normal  detonation  on  the  assumption  of  the  "classical  mechanism*" 
Considering  the  subsequent  propagation  of  the  flame  from  the  head  of 
the  spin  along  the  whole  section,  Ya.  B.  Zel'dovich  and  S.  H  Kog- 
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arko  came  to  the  conclusion  that  the  total  combustion  time  tcomb> 
in  the  detonation  wave,  which  was  determined  by  the  depth  of  the  | 
zone  of  increased  pressure  (the  zone  ED  on  Fig.  3),  should  be  pro¬ 
portional  to  the  diameter,  as  a  result  of  which  the  specific  loss 
in  the  wall  (thermal  emission,  friction)  should  not  depend  on  the 
diameter,  and,  consequently,  should  not  influence  the  appearance  of 
the  limit  (loss  in  the  wall  is  approximately  equal  to£-  )• 

An  investigation  of  the  detonation  limit  of ^hydrogen-air ruxave 
in  a  tube  of  large  diameter  (300  mm.  )  has  shown^an  increase  in 
the  diameter  leads  to  a  considerable  broadening  of  the  limits  (up 
to  approximately  15%  ^  when  D  equals  300  mm.).  Measuring  the  press¬ 
ure  of  the  reflection  of  the  wave  from  the  end  of  the  tube  with  the 
aid  of  crusher  gages*  the  author  showed  that  at  the  limit  itself  of 
the  zone  of  increased  pressure  has  a  noticeable  depth,  of  the  order 
of  i  *  15cm.  The  time  that  the  gas  remains  in  this  zone,  i.e. 

the  confcustion  time  %.cta b.  *  i/D  -  w  a  5l/D,  At  a  measured 

1500  m./sec.  we  find '&corab.  r  5.10  4sec.  For  a  tube  of  such  a 
large  diameter  this  depth  seems  somewhat  small,  since  it  means  that 
the  normal  flame  from  the  head  of  the  spin  encompasses  the  whole 
section  of  the  tube  at  a  depth  of  approximately  0.5  of  the  diameter, 
for  which  the  rate  of  propagation  of  the  flame  in  a  radial  direction 
(for  a  one  headed  spin)  should  comprise 

In  the  case  investigated,  however,  spin  remains  many  headed.  This 
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lowers. the  required  radial  velocity  of  the  flame  to  300  m./sec.» 

which  is  still  too  much.  In  any  case,  these  experiments  represent 

the  first  experimental,  although  still  qualitative,  evidence  of  the 

existence  of  a  zone  of  increased  pressure,  higher  than  that  which 

of 

might  be  obtained  at  the  polnt/jouguet  behind  the  detonation  front. 

The  drop  in  temperature  and  pressure  in  the  plane  wave  as 
the  result  of  a  loss,  at  the  wall  should  lead  to  an  almost  propor¬ 
tional  drop  in  the  temperature  and  pressure  in  the  break  of  the 
wave,  and  consequently,  to  &  delay  in  the  reaction  in  it  and  to  the 
appearance  of  a  limit.  It  is  curious  that  the  quantitative  criter¬ 
ia  of  the  appearance  of  a  limit  with  such  a  mechanism  of  its  ap~ 

15 

pearance  should  remain  the  same  as  were  deduced  by  Ya.  B»  Zel*dovich 
for  normal  detonation  according  to  the  "classical  mechanism." 

The  theory  of  spin  permits  us  to  draw  some  conclusions  on  the 
positions  and  possible  dimensions  of  the  break  of  the  wave  close  to 
the  limit.  In  a  rough  approximation,  represented  by  scheme  in 
Fig.  5,  the  rate  of  the  influx  of  the  gas  in  the  front  of  the  break 
is  equal  to 

Di  -  of,  + 1>\ .  ; 


where  %  is  the  axial  velocity  of  the  propagation  of  detonation} 

D-f.  is  the  peripheral  velocity  of  motion  of  the  break.  The  amplitude 


I 

*  • 

\ 

Of  the  shock  wave  is  greater  the  greater  the  rate  of  its  propaga¬ 
tion,  At  the  same  time,  at  a  given  frequency  of  the  rotation,  the 
peripheral  velocity  is  proportional  to  the  distance  of  the  break 
from  the  axis  of  the  tabs  (the  radius  of  rotation  of  spin),  which 
we  shall  designate  by  x.  The  temperature  and  pressure  of  the  gas 
compressed  in  the  shock  wave  are  approximately  proportional  to  the 
square  of  its  velocity.  Thus 

+  D%  . 

'  %  ■  '  ■  *  ' 

In  Fig.  9  the  line  ACA  represents  the  variation  in  the  temp¬ 
erature  in  the  break  depending  upon  the  distance  of  the  head  of  the 
spin  from  the  axis  of  the  tube.  It  is  clear  that  the  most  favorable 
conditions  for  ignition  (the  largest  temperature)  exists  in  the 
break  when  it  is  situated  at  the  very  periphery  of  the  tube.  At  the 
limit  of  the  detonation  only  such  a  position  of  it  is  possible. 

By  such  a  method  it  is  also  possible  to  obtain  some  idea  of 
the  possible  radial  dimensions  of  the  head  of  the  spin  at  the  limit. 
It  is  easy  to  show  that  the  same  curve  ACA  of  Fig.  9  represents  the 
radial  distribution  of  the  maximum  temperature  attainable  at  the 
break.  In  fact,  as  has  been. indicated  above,  we  must  postulate 
still  another  condition  for  equality  of  the  velocity  of  the  detona¬ 
tion  product  at  the  head  of  the  spin  (relative  to  the  wave  f»o»Q_ 
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Fig.  9.  Radial  distribution  of  the  maximally  attainable 
compression  temperature  of  the  gas  in  the  spin  break. 

and  the  velocity  of  sound.  Without  devoting  ourselves  to  detail, 
let  us  note  only  that  as  a  result  of  this  the  temperature  in  the 
break  Tc  proves  to  be  smaller  than  Tg,  i*©.»  smaller  than  the 
maximum  temperature  attainable  at  the  optimum  angle  between  the  front 
of  the  break  and  the  plane  wave.  However,  along  the  radius  such  a 
temperature  can  exist  only  on  the  line  CC«  It  is  posslole  to  assume 
that  the  relationship  of  this  length  to  the  diameter  of  the  tube  is 
an  essential  parameter  in  the  theory  of  the  spin  limit. 

Here  the  chemical-kinetic  aspect  of  the  theory  of  detonation 


as  chiefly.. beea._cgnaiflffl££! 


;ultv  ar 
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tion  of  the  problem  of  the  nature  of  the  motion  of  gas  behind  the 
detonation  zone*  of  frictional  retardation  and  thermal  emission*  is 
basically  in  the  nature  of  calculations.  Meanwhile,  the  problem  of 
the  mechanism  of  the  transfer  of  the  reaction  in  the  wavs,  which 
until  now  has  not  been  definitively  explained,  appears  to  be  the 
principal  physical  problem.  Hence  the  chief  problem  of  investiga¬ 
tion  includes  a  definitive  establishment  of  this  mechanism  and  a 
quantitative  confirmation  of  the  theory.  The  possibility  of  direct 
study  of  the  kinetics  of  chemical  reactions  at  high  temperatures  and 
pressures  with  the  aid  of  detonation,  which  has  often  been  planned 
as  a  direct  measurement  of  the  rate’ of  the  reaction  behind  the 
front  of  a  plane  wave,  in  the  light  of  the  considerations  presented 
seems  doubtful.  In  all  probability,  information  on  the  course  of 
the  chemical  reaction  under  these  conditions  is  limited  to  indirect 
data,  obtained  from  measurements  of  the  spin  limits  or  from  a  com¬ 
parison  of  calculated  experimental  rates. 
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